Abstract Purpose: Alterations in theWnt pathway play a major role in colorectal cancer with high (MSI-H) or low microsatellite instability (MSS/MSI-L). However, the differential impact of the Wnt pathway components on these tumors is poorly understood. MMP-3 (stromelysin-1) promoter is a target of the mutator phenotype in sporadic colorectal cancer. Among MMP-3 targets, we investigated E-cadherin integrity status in both groups of tumors. Because beta-catenin is the main effector of the Wnt pathway, we have also investigated the differential cellular status of beta-catenin. Experimental Design: Expression profiles of 114 genes related to the Wnt pathway were analyzed by oligo microarrays in 48 tumors classified by their MSI status. In addition, we analyzed 48 sporadic colorectal cancers for E-cadherin integrity status. We performed investigation of beta-catenin and cyclin D1by immunohistochemistry using tissue arrays containing 96 tumors. Results: Our data show that a group of genes that negatively regulate Wnt signaling are downregulated in MSS/MSI-L as compared with MSI-H colorectal tumors. E-cadherin truncation was significantly higher in MSS/MSI-L as compared with MSI-H tumors. Moreover, MSI-H tumors showed low or null beta-catenin nuclear presence, whereas the group of tumors classified as MSS or MSI-L displayed a high content of the nuclear beta-catenin location. Conclusions: Our results suggest that the differential expression of genes that negatively regulate the Wnt pathway, as well as the status of E-cadherin and beta-catenin in MSI-H or MSS/MSI-L colorectal tumors, shed some light on the different clinical behavior showed by the two groups.
Colorectal cancer (CRC) represents a major public health problem in Western countries. The colorectal tumorigenesis process is characterized by multiple mutations in common oncogenes and tumor suppressor genes, as well as genomic instability attributable to mismatch repair gene defects (1) .
High instability in microsatellite sequences (MSI-H) is a characteristic molecular finding in most cases of hereditary nonpolyposis colorectal cancer (HNPCC) and in nearly 13% of all cases of sporadic CRC (2 -4) . Microsatellite instability (MSI) evolves through mutations or epigenetic alterations of the DNA mismatch repair genes and constitutes a very early event in both HNPCC and sporadic colorectal tumorigenesis (5) . Carcinomas with MSI develop an increased intrinsic mutation rate, and it has been suggested that MSI-positive and MSInegative colorectal tumors might evolve through different molecular mechanisms and pathways (6, 7) . CRCs showing MSI-H display distinctive pathologic features and behave less aggressively than microsatellite stable (MSS)-or low-microsatellite-instability (MSI-L) colorectal tumors. Thus, similar to HNPCC tumors, sporadic MSI-H colorectal tumors seem to have a better prognosis, and most of them are localized to the right colon (8, 9) . Moreover, right-sided tumors and MSI-H CRCs have had a better response to adjuvant chemotherapy (10) . At present, the molecular basis for the different clinical behavior of MSI-H and MSS or MSI-L CRC is not completely understood.
It has been proposed that alterations in the Wnt signaling pathway may be involved in carcinogenesis of CRC with MSI (11) . However, to date, no expression analyses on the Wnt pathway components in these tumors have been reported. In addition, previous works have shown that the promoter of the MMP-3 gene (stromelysin-1) is a target of the mutator phenotype (12, 13) . Thus, in MSI-H tumors, MMP-3 expression is impaired due to a characteristic mutation of the mutator phenotype. This reduced expression allows that molecules that are usually cleaved by MMP-3 maintain their integrity status, as we have shown with MMP-9, one of the proteolytic targets of MMP-3. Another important proteolytic target of MMP-3 is the adhesion protein E-cadherin (120 kDa). E-cadherin is a single transmembrane domain protein with an extracellular N-terminus and an intracellular C-terminus (14, 15) . E-cadherin is bound indirectly to the cytoskeleton, via a linkage of its intracellular C-terminal portion to h-catenin, which in turn, is linked to alpha-catenin, which binds the actin cytoskeleton. MMP-3 cleaves the extracellular domain of E-cadherin, originating two fragments, one of them soluble, of about 80 kDa, and the other one bound to the cytoplasmic membrane, of about 40 kDa (16, 17) . E-cadherin was initially considered a structural protein. However, it also acts as a tumor suppressor with expression that is silenced in many types of cancers. Its loss permits or enhances the invasion of adjacent normal tissues and its re-expression can induce morphologic reversion (14, 18) . More recently, it has also been recognized to regulate signaling. Thus, it is implicated in the Wnt signaling pathway through its relation with beta-catenin, a key component of this pathway (19, 20) . Dissociation of beta-catenin and E-cadherin can be mediated by MMPs, and this dissociation can lead to accumulate beta-catenin in the cytoplasm. This accumulation increases the formation of beta-catenin/LEF-1 DNA complexes within the nucleus (21) .
Our main interest is focused evaluating molecular differences between CRCs with and without MSI that could be useful to better understand the differential clinical behavior of MSI-L/ MSS and MSI-H CRCs. Thus, we hypothesized that the better prognosis associated with MSI-H CRCs may be related to the Wnt pathway function. Thus, in this work, we investigated the Wnt pathway gene expression in a sporadic CRC population previously classified in the function of its MSI status. Following, considering connexion between E-cadherin and Wnt pathway, as well as data from previous works from our group, we determined the differential E-cadherin integrity status in colorectal tumors from the mutator pathway (MSI-H) as compared with stable or low MSI (MSS/MSI-L) colorectal tumors. Due to the important link between E-cadherin and beta-catenin and because beta-catenin is the main effector of the Wnt pathway, we have also investigated the expression and cellular localization of beta-catenin and its transcriptional target cyclin-D1 in tumor cells.
Materials and Methods
Patients and tissue samples Every tumor sample analyzed in this work corresponded to primary sporadic colorectal adenocarcinomas that were obtained from patients who underwent surgery between 2000 and 2005, at San Carlos Hospital in Madrid, Spain. In all cases, the corresponding normal tissues were also obtained in order to be used as control samples. Previously to surgery, none of these patients had received adjuvant treatment. Informed consent was obtained from patients prior to investigation, and this study was approved by the hospital's ethical committee. After surgical resection, all tissue samples were snap-frozen in liquid nitrogen and stored at -80jC until processed. Cryostat sectioned, H & E stained samples from each tumor block were examined microscopically by two independent pathologists to confirm the presence of more than 80% tumor cells. Paired normal tissues from the same patient, used as controls, were obtained at least 10 cm away from the margin of the tumor and microscopically confirmed.
Wnt signaling pathway expression assays Gene expression screening by Wnt arrays. This study was established for 48 CRCs in which we had previously determined the MSI status. Thus, according to established criteria (12), 37 tumors were classified as MSS/MSI-L, and 11 were MSI-H. We also evaluated the expression profile of a pool obtained from the corresponding normal samples. Thus, the expression profile of 114 genes related to the Wnt signaling pathway was analyzed by using the Wnt Signaling Pathway Oligo GEArray in HybTube Format (OHS-043; SuperArray Bioscience Corporation) according to the manufacturer's instructions. To normalize results, we referred expression data obtained from these genes to expression of housekeeping GAPDH, also included in the arrays. Thus, genes showed a more constant expression value in tumor samples.
Gene expression analysis by real-time quantitative PCR. Expression data from arrays were confirmed investigating gene expression by realtime quantitative PCR, using Taqman probes (MGB ''Assay on Demand'' probes; Applied Biosystems, NJ) following the manufacturer's instructions. The study was performed for those genes showing expression differences of F threefold in tumors as comparing with the control pool in the array analysis. Some interesting genes with expression differences between F two-and F threefold were also included. The comparative threshold cycle (Ct) method was used to calculate the relative expression. For quantification of gene expression, the target genes values were normalized to the expression of the endogenous reference (GAPDH). Thus, the amount of target, normalized to GAPDH and relative to a calibrator (normal pool expression), is given by 2 -DDCt [DCt = Ct (target gene) -Ct (GAPDH); DDCt = DCt for any sample -DCt for the calibrator].
Analysis of E-cadherin expression by Western blotting
Forty-eight sporadic colorectal tumors were subjected to Westernblotting analysis to analyze E-cadherin expression. Thirty-seven cases were MSS/MSI-L tumors, and 11 corresponded to the group showing MSI-H tumors. Briefly, after SDS-PAGE, proteins from tumors and their corresponding normal controls were transferred to immobilon membranes and blocked using 5% nonfat dried milk in 10 mM Tris/HCl, 150 mM NaCl, pH 7.5. Incubation with E-cadherin antibody (mouse anti-human, clone NCH-38; ref M3612, DAKO, Glostrup, Denmark) was performed in 0.05% Tween 20, 10 mM Tris/HCl, 150 mM NaCl, pH 7.5. Immunoreactive bands were visualized using the ECL Western blotting protocol (Amersham Biosciences). E-cadherin antibody recognizes the mature 120-kDa form and the fragment of 40 kDa of E-cadherin. Normalization with beta-actin was performed.
Tissue array study of beta-catenin, E-cadherin, and cyclin D1 expression by immunohistochemistry These analyses were performed in 96 sporadic colorectal tumors, and all were previously classified in our laboratory as MSS/MSI-L or MSI-H tumors (12) . This tumor population included the 48 cases in which Wnt pathway and E-cadherin had previously been evaluated.
In order to perform the immunohistochemistry study, we elaborated two tissue-array blocks, using a MTA1 arrayer (Beecher Instruments Inc.) Each block contained 110 cylinders of tissue; 48 corresponded to samples and seven to controls, all of them duplicated. These tissue cylinders (tissue ''donors'') were included into paraffin blocks (''receptors''). We used 1-mm-diameter needles for picking up the cylinders. Cylinders of tissue embedded in paraffin were separated by 1.5 mm between them in both the X-and Y-axis. Blocks were heated for 30 minutes at 37jC and then cooled at 4jC. We made 4-Am-thick cuts with a Leica RM2145 microtome. Sections were mounted onto sialinized slides for optimum tissue fixing. Results for beta-catenin were expressed as percentage of stained nuclei. Results for E-cadherin and cyclin D1 cellular status were expressed as positive or negative, considering that more than 10% of staining was considered as positive case. The E-cadherin antibody used for tissue arrays was mouse antihuman, clone NHC-38, dilution 1:50 (DAKO). Antibodies for cyclin D1 and betacatenin were purchased from Novocastra Laboratories Ltd. (Newcastle 
Statistical analysis
We performed statistical analyses using windows SPSS version 11.5 software. Associations of categorical variables were assessed using the m 2 test. The differences among multiple groups were analyzed by ANOVA, Student t , and Mann-Whitney tests. Correlations were evaluated by Pearson's test. P < 0.05 was judged significant.
Results
Differential Wnt pathway gene expression in MSS/MSI-L and MSI-H colorectal tumors. Expression profile analyses of genes related to the Wnt signaling pathway were performed in 48 tumor samples and in a pool of the corresponding normal tissues ( Fig. 1 ; Table 1 ). Expression differences between profiles obtained from MSI-H and MSS/MSI-L tumor populations were established. The results indicated that 10 genes showed an overexpression higher than threefold in the MSI-H tumor group compared with MSS/MSI-L cancers (Table 2 ). These genes were CTNNB1 (catenin beta 1), DVL2 (dishevelled, dsh homolog 2), FRAT2 (frequently rearranged in advanced T-cell lymphomas 2), GSK3B (glycogen synthase kinase 3 beta), KREMEN2 (kringle-containing transmembrane protein 2), PPP2R1B (protein phosphatase 2 regulatory subunit A, beta isoform), FBXW4 (F-box and WD repeat domain containing), TLE2 (transducin-like enhancer of split 2), WIF1 (WNT inhibitory factor 1), and CSNK1D (casein kinase 1 delta). All of these genes showed significant expression differences between the two groups of cancer considered in this work. Moreover, we detected significant differences in expression values in the case of TLE-3 (transducin-like enhancer of split 3), CTNNBIP1 (cateninbeta interacting protein 1), and CXXC4 (CXXC finger 4; Table 2 ).
In order to validate these results, qRT-PCR was performed for the genes mentioned above. With this technique, we confirmed significant differential expression values for DVL2, KREMEN2, PPP2R1B, FBXW4, CSNK1D, and TLE3. Transcriptional expression for all of these genes was higher in MSI-H tumors, as compared with the MSS/MSI-L group (Table 3) . If we considered expression values for these genes after GAPDH normalization, we found that MSI-H CRCs showed expression profiles nearly to the values detected in the pool of control samples. However, in MSS/MSI-L tumors, expression levels significantly diminished in relation to normal samples. Therefore, sporadic CRCs from the mutator phenotype pathway and normal colorectal mucosa displayed similar transcriptional profiles for genes described above. In contrast, CRCs from the suppressor pathway showed downregulated transcriptional profiles. Of interest, KREMEN2 displayed undetectable expression levels in the control tissues. Therefore, transcriptional profiles for this gene are shown in Table 3 as DCt values.
Differential E-cadherin truncation in MSS/MSI-L and MSI-H colorectal tumors. We next investigated E-cadherin truncation in 48 CRCs. Thirty-seven of these tumors corresponded to the suppressor pathway (MSS or MSI-L tumors), and 11 corresponded to the mutator phenotype pathway (MSI-H tumors).
To perform the analysis, we considered that E-cadherin is an important proteolytic target of MMP-3 and, as our group showed previously, MMP-3 expression is impaired due to a characteristic mutation of the mutator phenotype in MSI-H tumors (12, 13) . Moreover, E-cadherin has been implicated in the Wnt signaling pathway through its relation with betacatenin, a key component of this pathway. Thus, by Westernblot analysis (Fig. 2) , we were able to detect the entire E-cadherin form (120 kDa) and the truncated form (about 40 kDa) that remains bound to the membrane after the cleavage. We used the concept of E-cadherin inactivation, defined as the relation between the densitometry values of the 40-kDa and the 120-kDa bands (22) . Then, we calculated the relation between the E-cadherin inactivation of the normal tissue control and its corresponding tumor samples. If this ratio is higher than one, it means that there is low E-cadherin inactivation in tumor cells. If this ratio is lower than one, there is high E-cadherin inactivation in tumor cells. The values obtained for this ratio were considerably higher than one for the group of MSI-H tumors (1.85 F 0.73). In contrast, the ratio was about one for MSS/MSI-L tumors (1.08 F 0.74; Table 4 ). Differences between the two groups of cancers were statistically significant (P = 0.008). The inactivation ratio was higher than one in every MSI-H tumor. However, the MSS/MSI-L population presented a higher heterogeneity although most tumors showed a ratio lower than one. These results correlated to MMP-3 expression levels that we analyzed previously (12) . Thus, MSI-L/MSS tumors showed significantly higher MMP-3 expression than those tumors from the mutator phenotype pathway (MSI-H) (P = 0.03). Of interest, tumors in which the active E-cadherin form was detected conferred a clinical outcome significantly better than those showing E-cadherin truncation (data not shown; P = 0.03, by log-rank test).
Differential beta-catenin and cyclin-D1 expression within the nucleus. Next, we developed two tissue arrays, each one containing 48 tumor samples and seven controls, all of which were duplicated. On these arrays, we performed an immunohistochemistry study using specific antibodies for E-cadherin and beta-catenin, to assess their cellular status. We detected a significant correlation between the presence of E-cadherin active form and membrane location for beta-catenin (P = 0.01), as expected. Also, positive staining for E-cadherin in membrane correlates with lack of beta-catening nuclear staining (P = 0.03). We found no differences in E-cadherin staining between MSI-H, MSS/MSI-L tumors, and the control tissue. Our data also indicated significant differences between the two groups of CRCs considered (MSS/MSI-L and MSI-H) regarding beta-catenin nuclear status (Fig. 3A) . Thus, tumors from the mutator phenotype pathway showed low or null beta-catenin nuclear presence (the mean of stained nuclei was 6.25 F 3.31% of stained nuclei, range 0-30%). By contrast, the group of tumors classified as MSS or MSI-L displayed a high content of beta-catenin immunopositive nuclei (mean of stained nuclei 25.65 F 3.62%, range 0-80%). The difference between both groups reached statistical significance (P = 0.027).
We then tried to determine if a transcriptional product of the Wnt signaling pathway, cyclin D1, was differentially expressed in MSI-H tumors versus MSS/MSI-L tumors. We performed an immunohistochemistry study using specific antibodies on the tissue arrays previously developed (Fig. 3B) . These experiments showed a borderline correlation between beta-catenin and cyclin D1 expression nuclear status in colorectal tumors. Thus, 70% of tumors without significant beta-catenin presence in the nucleus showed a low expression of cyclin D1, whereas 43% of positive beta-catenin nuclear staining cases presented a positive cyclin D1 expression (P = 0.05). In addition, a trend to correlation was detected between E-cadherin inactivation, as indicated Western-blot experiments and high levels of cyclin D1 expression (P = 0.1). Table 1 . Genes included in expression analyses by arrays AES  APC  APC2  AXIN1  AXIN2  BCL9  BTCR  2  CCND1  CCND2  CCND3  CSNK1A1  CSNK1A1L  CSNK1D  CSNK1G1  CSNK1G2  3  CSNK1G3  CSNK2A1  CSNK2A2  CSNK2B  CTBP1  CTBP2  CTNNB1  CTNNBIP1  4  CXXC4  DAAM1  DAAM2  DIXDC1  DKK1  DKK2  DKK3  DKK4  5  DVL1  DVL2  DVL3  EP300  FBXW11  FBXW2  FGF4  FOSL1  6  FOXN1  FRAT1  FRAT2  FRZB  FSHB  FZD1  FZD10  FZD2  7  FZD3  FZD4  C2orf31  FZD6  FZD7  FZD8  FZD9  GSK3A  8  GSK3B  JUN  KREMEN1  KREMEN2  LEF1  LRP5  LRP6  MARK4  9  MYC  NKD1  NKD2  NLK  PITX2  PORCN  PPP2CA  PPP2CB  10  PPP2R1A  PPP2R1B  PYGO1  PYGO2  RHOU  SENP2  SFRP1  SFRP4  11  SFRP5  SHFM3  SCL9A3R1  SOX17  T  TCF7  TCF7L1  TCF7L2  12  TLE1  TLE2  TLE3  TLE4 
Discussion
The Wnt signaling pathway is essential in different biological processes. Misregulation of this pathway is a hallmark of many human cancers, including colorectal carcinomas (23, 24) . Briefly, in the absence of a Wnt signal, cells degrade betacatenin by a multiprotein complex consisting of the adenomatous polyposis coli (APC) tumor suppressor protein, axin and the glycogen synthase kinase (GSK3h). This kinase phosphorylates beta-catenin marking it for subsequent ubiquitination and degradation. When the Wnt ligand docks to its Frizzled (Fz) receptor, the degradation complex is destabilized, and beta-catenin accumulates in the cytoplasm and translocates to the nucleus, where it functions as a cofactor for TCF/LEF (T-cell factor/lymphoid-enhancing factor). There are positive and negative regulators of the pathway in most of its steps. The vast majority of colorectal tumors contain sporadic or inherited truncations of the APC tumor suppressor (25) that remove the binding sites for axin and destabilize the destruction complex resulting in the permanent induction of Wnt target genes, such as c-Myc (26, 27) . Stabilizing mutations in beta-catenin are also frequent in cancer and have the same final effect on Wnt target genes. However, the impact of other components of the Wnt pathway on colorectal tumors is poorly understood. Recent data support the hypothesis that Wnt/beta-catenin gene expression may contribute to the malignant progression of CRC (28) .
Data reported here clearly show that a group of genes directly or indirectly related to the Wnt pathway are downregulated in MSS/MSI-L as compared with MSI-H colorectal tumors. Thus, the expression of PPP2R1B (protein phosphatase 2 regulatory subunit A, beta isoform) is downregulated in MSS/MSI-L as compared with MSI-H colorectal tumors. PP2A is a serinethreonine phosphatase that has been reported to bind to axin, a component of the beta-catenin degradation complex axin-APC-GSK3beta-beta-catenin (29, 30) . PP2A acts as a tumorsuppressor gene (31, 32) , through a mechanism not completely elucidated. CSNK1D (casein kinase 1 delta) is a member of the casein kinase I family (CKI). CKI phosphorylates APC, axin, and beta-catenin. CKI phosphorylates beta-catenin serine 45 residue, which allows its progressive phosphorylation by GSK3beta and ubiquitinization (33) . Thus, the downregulation of CSNK1D in MSS/MSI-L versus MSI-H colorectal tumors may contribute to the differential activation of the Wnt signaling in both groups of tumors. TLE-3 (transducin-like enhancer of split 3) is a We previously reported the occurrence of mutations characteristic of the mutator phenotype in the promoter of the matrix metalloproteinase-3 in MSI-H tumors. These mutations, which were completely absent in MSS/MSI-L tumors, cause a decrease in protein expression of MMP-3. This decrease may affect different proteolytic processes usually carried out by MMP-3, as the MMP-9 activation (12, 13) . In this work, we have studied another proteolytic target of MMP-3, E-cadherin (16) . Ecadherin is an important adhesion molecule closely related to tumoral processes (14, 38) . Quite a few differential studies of E-cadherin in MSI-H colorectal tumors versus MSS/MSI-L colorectal tumors are available. Thus, previous works studied the expression of E-cadherin (39) or its promoter hypermethylation (40) in both groups of tumors. However, Ecadherin integrity status in both populations of colorectal tumors remained unknown. Our data showed marked differences between colorectal tumors with or without MSI regarding E-cadherin integrity status. MSI-H tumors showed little E-cadherin truncation, whereas truncation in MSS/MSI-L tumors was significantly higher. Based on the well-known molecular linkage between E-cadherin and beta-catenin and the relationship between beta-catenin and the Wnt pathway, we have also studied the cellular status of beta-catenin in both groups of colorectal tumors. Thus, we have detected an almost complete absence of nuclear beta-catenin in MSI-H tumors. In contrast, MSS/MSI-L tumors showed a significantly higher presence of beta-catenin within the nucleus. These data may be related to the maintenance of E-cadherin integrity status in MSI-H compared with MSS/MSI-L tumors. On the other hand, E-cadherin associates with betacatenin at the plasmatic membrane. Thus, in DLD-1 CRC cells, which show constitutive activation of Wnt signaling and exhibit E-cadherin-based cell contacts, it has been described that knockdown of E-cadherin leads to translocation of beta-catenin to the nucleus and an enhancement of beta-catenin/TCF-dependent reporter activity (41) . Moreover, Orsulic et al. (42) showed that E-cadherin binding prevents beta-catenin nuclear localization and beta-catenin/LEF-1-mediated transactivation. Thus, truncation of E-cadherin or downregulation of E-cadherin may cooperate through the enhancement of cytosolic beta-catenin to its translocation to the nucleus. Previous works in CRC reported that increased nuclear beta-catenin expression and loss of membranous E-cadherin were independently associated with poor patient clinical outcome (43) .
The dual role of beta-catenin in cell adhesion and Wnt signaling (effector) led us to study cyclin-D1 nuclear expression, a transcriptional target of beta-catenin/TCF heterodimer. Although at the border of significance, our results showed a trend toward correlation between beta-catenin and cyclin D1 expression nuclear status in colorectal tumors. Although this incomplete correlation is similar to information in a recent article by Herzig et al. (44) , our results support the concept that that E-cadherin regulates tumor growth by modulating beta-catenin transcriptional activity (45) . Thus, truncation of E-cadherin or downregulation of E-cadherin and upregulation of nuclear beta-catenin transcriptional activity may be cooperative in the pathogenesis of CRCs.
Conclusion
In conclusion, our results suggest that the differential expression of genes that negatively regulate the Wnt pathway, as well as the status of E-cadherin, beta-catenin, and cyclin-D1 in MSI-H or MSS/MSI-L colorectal tumors shed light on the different clinical behavior showed by the two tumor groups. In addition, our data could be useful to establish therapeutic protocols based on the beta-catenin nuclear status.
